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two sets of data have been attributed to the annic!irec-
tionality of the ocean waves and currents, the varia-
'lbe Ocean Test Structure (ors) data obtained by the tions in the characteristics of a given wave train, the 
~Production Research CatI>any were re-analyzed in decrease of the wave velocity and acceleration with 
:elDE of their sensitivity to disturbances imposed on increasing depth, the methods of evaluation of the raw 
:ll!measured forces, velocities, and accelerations. It data, measurerrent errors, the use of the speculative 
been shown that part of the scatter in the said data generalizations of the Morison equation, etc. Conse-
be explained in tenns of these disturbances. Tur- quently, it has not been possible to carpare the labo-
t!ErnDre, a correlation has been sought between the ratory and ocean data. Only the oscillating cylinder 
!ate coefficients and the relative current velocity and experiments of Ga.rrisonl6 agreed with the ors data 
rt has been dE!ll)nstrated that a reasonable correlation because the severe vibrations of his small test cylin-
. s between the drag coefficient, relative current der, the inappropriate use of the end plates, reduced 
ocity, Keulegan-Carpenter number, and the ratio of span-wise coherence, the surface waves resulting fran 
tie Reynolds number to the Keulegan-Carpenter number. the oscillations of the cylinder and the hand-filter-
'lb! results have confinned the fact that the drag coef- ing of the extranely noisy force traces sinrulated, 
!icients obtained fran tests in an ocean environment inadvertently, the environmental rather than the 
:mt be necessarily smller than those obtained in a laboratory conditions, as noted previously by Sarpkaya 
trolled laboratory environment. and Collins .17 
Partly to minimize the existing uncertainty and 
partly to provide force coefficients at very large 
ltlrison 1 s equation and its speculative generaliza- Reynolds numbers for S1DOth and rough cylinders, Exxon 
tioos have daninated the calculation of wave forces on Production Research O:npany constructed a highly 
!shore structures for over thirty years, (see instrumented, 20x40xl20 ft platfonn in 66-ft water 
kayal for a detailed discussion). Numerous attenpts depth in the Gulf of Mexico in 1976. Data obtained 
ve been made to evaluate the drag and inertia coeffi- included local wave forces on clean and barnacle-cov-
'ents and to extend Morison 1 s equation to far rrore ered sensors, local wave kinematics, total base shear 
lex situations such as cooilined wave and current and overturning rrDTEnt on the structure, forces on a 
hydroelastic oscillations, and yawed cylinders. simulated group of well conductors, and impact forces 
nsive research conducted during the past twenty on a member above the mean water level. 
(see Sarpkaya and Isaacson2) has sh0N11 that the 
inertia, and lift coefficients depend not only on The ors data were anal~ by Heideman et al. 18 
the particular flow situation but also on the conditions and by Borgman and Yfantis. The analysis of Heideman 
er which the experin'Ents are perfonned, evaluated, et al. resulted in large scatter for the drag and iner-
d reported. tia coefficients. Borgman and Yfantis detennined the 
Basically, three types of experiments were con-
~cted. The first two are carried out in laboratories ther through the use of a wave flume or an oscilla-ing-flow water tunnel. The third group experiments 
carried out either on an existing structure or on a 
ructure specifically built for test purposes in the 
environment. 
laboratory investigations3- 15 alrrost always 
'elded relatively larger force-transfer coefficients 
'th very little scatter. The differences between the 
ferences and illustrations at end of a r. 
spectral estimates of Cd and C1n which represent the 
averages of Cd and C1n simultaneously over the whole 
structure. They have asserted that such average val-
ues may be more relevant than the local values since 
the average coefficients take into account directional 
and randan cancellations throughout the structure. 
This may be true for the detennination of the total 
force and overturning m::xnent acting on the entire 
structure but not for the detennination of the forces 
acting on the individual members of the structure. 
The purpose of the present investigation is to 
re-analyze the ars data obtained on 4 March 1977 with 
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o. 5-inch barnacle-covered wave force transducers, loca- Tt is desirable to evaTuate Cct and c::;- with aue 
ted at the South West corner of the test structure, and consideration to the effects of current, wave spreading 
to attempt to explain the reasons for the large scatter wave direction, and the irregularities superimposed on 
in the drag and inertia coefficients obtained by each wave. However, this is not a simple matter prillll-
Heideman et al. For this purpose the effect of noise rily because of the fact that the underlying physics of 
in the force signal, in the velocity and acceleration such a conplex time-dependent notion has not been under 
signals, and finally, the effect of current on the force stood. Furthernore, the use of identification tech-
transfer coefficients were examined in detail through niques can do no nore than srear the numerous errors 
the use of Morison's equation. The resulting force over various coefficients. 
coefficients are canpared with those obtained by 
Sarpkaya in two different U-tunnels during the past 
six years. 
ars DATA AND Mfil'HODS OF ANALYSIS 
Heideman, Olsen, and Johansson18 used two methods 
to evaluate the drag and inertia coefficients. The 
first was the least-squared-error procedure for each 
half wave cycle. The instantaneous in-line velocity in 
Morison's equation included both the wave velocity and 
the projection of the current velocity. The second 
method consisted of the evaluation of Cd over short 
segments of waves in which drag force was daninant and 
of C1n over short segments in which inertia force was 
daninant. The in-line force was taken as the projec-
tion of the normal force on the velocity vector. 
The normal force was measured with wave force 
transducers (WFT) of 16 inch O.D. and 32 inch length, 
built into the vertical legs at the four corners of the 
structure, at a depth of -15 ft. The normal velocity 
was measured with an electronic current meter (OCM) 
located 4.67 ft fran the WFT axis, i.e., IDf was at 
3.5 D fran the WFT axis. The force coefficients exhib-
ited large scatter particularly for K < 20 (see Figs. 1 
and 2) . The scatter decreased considerably in the 
range 20 < K < 45. In the drag-inertia daninated 
regime (8 < K < 20), Cd for a 0.5-inch barnacle en-
crusted WFT ranged fran 0. 5 to about 2. 5. The inertia 
coefficient ranged fran about 0. 7 to 1.8. The apparent 
Cct seened to approach an asyrnptotic limit of about 0.68 
for clean WFTs and about 1.0 for fouled WFTs. 
Heideman et al . attributed the scatter in Cd and 
C1n to randan wake encounters. It is postulated that 
if the cylinder encounters its wake on the return half 
cycle but the current meter does not, then the actual 
incident velocity will be greater than measured and the 
apparent Cd calculated fran the measured force and ve-
locity will be higher than the true Cct. Conversely, if 
the current meter encounters the wake on the return 
half cycle but the cylinder does not, then the apparent 
Cd will be too law. Clearly, the encounter of the wake 
with the current meter and the biassing of the wake by 
the current meter are extrenely important. This is 
evidenced by the fact that the values of Cct and C1n 
vary considerably fran one half cycle to another even 
for the sane wave. Ole lli.lSt also note that the so-
called in-line direction (the direction of the wave 
velocity and the projection of the current velocity) 
changed with time during a half cycle, i.e., the wake 
of WFTs rotated about the cylinder in a horizontal 
plane in addition to the usual rotation due to orbital 
notion. The rotation of the wake in the horizontal 
plane is quite similar to that of a cylinder placed 
horizontally in the ocean with its axis parallel to the 
wave crest. For this case it is quite well-known that 
the drag coefficient is considerably smaller than that 
for a vertical cylinder, with its axis normal to the 
Heiderm.n et al. concluded that (1) Morison's equa-
tion with constant coefficients can be made to fit the 
measured forces and kinenatics satisfactorily over 
individual half wave cycles; (2) nost of the scatter in 
the Cd results can be explained by the random wake 
encounter concept; (3) local deviations in apparent~ 
are not spatially correlated in any given wave; (4) ~ 
results from Sarpkaya's experiments represent an upper 
band to Cd values that may be expected in randan three-
dimensional oscillatory flow; (5) for Re > 2x105, the 
apparent Cd depends on surface roughness and, for llB!l-
bers that are nearly in the orbit plane, on K; (6) 
asymptotic Cct results from the test data in randan 
three-dimensional oscillatory flow are consistent with 
steady flow data for the sane relative roughness; and 
(7) C1n is greater for srrooth cylinders than for rough 
cylinders, while the reverse is true for Cd. 
SENSITIVI'IY ANALYSIS 
It is evident fran the definition of the drag and 
inertia coefficients that the disturbances in measured 
force which sinulate either in part or in coni>ination 
a 'sine like' or 'cosine like' wave are nost effective 
in causing large changes in Cd and <1n· Thus, one llllSt 
examine the effect of randanly irnposed disturbances of 
given frequency and phase shift on the variation of the 
force coefficients. Such an extensive analysis has 
been carried out for the ors data in a manner described 
as follows. 
Random Square Wave Effects 
A frequency ratio of fd/fw was chosen where fct is 
the frequency of the square-wave disturbance and fw is 
the frequency of the wave Cfw = l/T). Then the square 
wave was assigned a random arrpli tude and initial phase 
shift through the use of a built-in random generator 
(based on the sum of unifonn deviates method). The 
arrpli tude of the disturbance was taken to be the absr 
lute value of the rraximum of the measured force (Cf). 
This procedure varied the arrplitude of each disturbance 
by multiplying a random nunber between +l and -1 with 
cf. Calculations have been performed 1, 000 times for a 
given frequency ratio and force trace. Each calcula-
tion started with a pair of drag and inertia coeffi-
cient selected from the ors data and a randomly selec-
ted phase angle. The anplitude of the random fluctu-
ations superi.nposed on the calculated force varied 
randomly as noted above and the frequency was fixed by 
the frequency ratio. 
Figures 3 and 4 show sanple plots of the original 
force, the disturbed force, and the square-wave disturb! 
ance. In each case the actual values of K and the 
corresponding values of Cd and Cm (obtained by Heidermn 
et al.) were used in Morison's equation in calculating 
the noise-free force trace. 
wave crest . Thus, it is not too surprising that the Figures 5 and 6 are sanple plots showing the eff~ 
Cct and C1n values resulting fran the ors data are smaller of the random disturbances on the drag and inertia 
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es in Cd and Cm due to the changes brought about 
y the disturbances superirrposed on the srrooth force 
trace. The canputer program was directed to identify 
the particular cases in 1,000 runs which gave the 
largest changes in Cd and the corresponding changes in 
Cui and vice versa. Figure 5 shows that there are cer-
tain frequency ratios which cause a large change in Cd 
'th very little change in the corresponding Cm· As 
expected, disturbances with a frequency ratio of 1.0 
yield the largest t.Cd/Cd since this nearly corresponds 
o a cosine function. Similar calculations have been 
rfol'l!Ed for the entire ors data to detennine the 
change in Cm and the corresponding change in 
ru for representative frequency ratios. Figure 6, 
lting fran the same force trace corresponding to 
g. 5, is representative of many such calculations. 
The results have shown that the sensitivity of the 
and inertia coefficients is dete:nnined primarily 
the frequency and the relative magnitude of the 
disturbance. Disturbances imposed on the force at a 
frequency ratio of about unity will cause major changes 
in both Cd and Cm• irrespective of the flow regime. 
to the amplitude of the disturbances, they may de-
d on a number of parameters such as K, Re, turbu-
lence in ambient flow, randan wake return, rotation of 
the wake in the horizontal plane, interference of other 
ies, etc. In the present analysis the maxinrum ampli 
tude of the disturbances at any frequency was taken to 
equal to the maxinrum of the normalized force, i.e., 
. Even though Cf decreases with increasing K, it is 
to understand that at high K values t.Cd/Cd or 
Cm will result in values as large as those encoun-
tered at srmller K values, since t.Cd/Cd and t.Sn/Sn are 
lized by Cr· 
The significance of these results may be illustra-
ted with a numerical example. For the ors data char-
acterized by K = 14.02, Re= 369,600, Qi= 0.87, and 
= 1. 38, one has Cf = 1.14. For a frequency ratio 
f fd/fw = 1, one haS t.Cd/Cd = 1.4 and t.Sn/C... = 1.2 
fran the present analysis. Assuming a diSturbance 
li tude of lCJX, of Cr , one has 
Cd= (1 ± l.4x0.l)x0.87 = g:~ 
cm= (1 ± l.2x0.l)xl.38 = i:~i 
The foregoing examples are based on a frequency 
tio of fr = fd/fw = 1.0. In the analysis of the ors 
ta a cutoff frequency of 1. 0 Hz was used for the 
first method of evaluation. Thus, it is necessary to 
examine the variations of ~ and Sn for the correspond-
ing and higher fr values. 
Writing 2 2 fr = fd/fw = (D /Sv)fd , S = D /vT 
has 
fr= (2xl05/S)fd (with D = 17 inches) 
us, the filtering of the noise on the force signal 
for fd ~ 1 means that the effect of the noise on t.Cd/Cd 
t:J.Cm/C,,, is ignored for fr> 2x105;s. For example, 
for S = 2ti,ooo, the effect of noise on the said coeffi-
ients has been ignored for fr ~ 8. The results of the 
nsitivity analysis have shcmn that t.Cd/~ and t.Cm/Cm 
quite significant for fr larger than 8 and thus the 
feet of filtering may have significantly affected the 
iations of Cd and Cm with K. It is a well-kncmn 
fact that2 the larger the Reynolds number, the snaller 
the drag coefficient for a given K. In other words, 
the smaller drag coefficients for a given K correspond 
to larger Reynolds numbers, and hence to larger S val-
ues. Thus, it is evident that the data for large S 
and small Cd is filtered at snaller fr values. The S 
values for the ors data ranged fran 10,000 to 40,000. 
Thus, fr ranged fran 20 clown to 5. Consequently, the 
force traces at larger K values (drag daninated regime) 
became srroother and yielded relatively srmller Cd 
values with relatively smaller scatter (see Fig. 1). 
It is evident fran the foregoing analysis that 
part of the scatter in ~ and Cm in Figs. 1 and 2 is 
attributable to the filtering of the measured force 
at different fr values for a given K. Ho.vever, one 
\\Uuld require either larger amplitude of disturbances 
or additional effects due to other causes to explain 
all of the observed scatter. It is on the basis of 
this finding that additional studies were undertaken to 
study the effect of variations in the amplitudes of 
velocity and acceleration. 
Disturbances in Velocity and Acceleration 
The randan disturbances super:i.mpooed on the velo-
city and acceleration were incorporated into the 
Morison equation as, 
2 
2F 'IT cm . 
-- = -- [sin(2'ITt/T) + RNl*sin(2'ITt/T + RN2*8)] 
pDu; K 
- Cd I cos(2rt/T) + RN3*cos(2rt/T + RN4*8) I* 
[cos(2'ITt/T) + RN3*cos(2rt/T + RN4*8)] ( 1) 
where RNl through RN4 represent the independently-
seeded randan numbers between -1 and +1. 
As in the previous case, pairs of Cd and Cm values 
for all K values were used in calculating the force 
given by F.q. (1). Calculations have been repeated for 
2, 000 ti.Ires for each pair. Subsequently, a new pair of 
~ and Cm values were dete:nnined in the usual manner 
through the use of Fourier averages2, using the above 
calculated force as the measured force. This method 
yielded a new pair of drag and inertia coefficients 
which reflected the effect of randan disturbances 
imposed on the velocity and acceleration. Then the 
canparison of the new values with the original Cd and 
C1p values yielded a pair of t.Cd/Cd and t.Cm/Cfn values, 
sunilar to those shown in sample Figs. 7 and 8. 
For the ars data point characterized by K = 14.02, 
Re = 369,600, Cm= 1.38, Cd = 0.87, and fr = 1, one has 
t.Cci/Cd = 3 . 5 and t.Cm/Cm = 1. 5 . Assuming a disturbance 
amplitude of lCJX, of the maxinrum velocity and the maxi-
nrum acceleration, one has 
Cd= (1 ± 3.5x0.l)x0.87 = 6:~~ 
and 
cm= (1 ± l.5x0.l)xl.38 = i:i~ 
The foregoing examples show that randan disturbances of 
frequency ratio of 1.0 and amplitude 0.1 give rise to 
large changes in both Cci and Cm· In fact, Cd could be 
increased or decreased by about 3CJX,. 
Figures 7 and 8 as well as hundreds of others 
similar to them show that t.Cd/Cd and t.Cm/Cm are still 
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quite large for fr > 5 or 6, Thus, the filtering of 
the velocity in the ars data at 1.0 Hz may have re-
sulted in significant variations in Cd and C,.,,. It 
should also be noted that the simultaneous fi'ftering 
of the force and velocity at the same cut-off frequency 
does not necessarily eliminate the effect of filtering 
on the force-transfer coefficients, as evidenced by the 
present analysis. 
The foregoing calculations simply point out the 
fact that it is possible to explain the scatter in the 
ars data in terns of the randan disturbances imposed 
can explain the scatter of the data and the reasons as 
to why the drag coefficients obtained in the ocean 
environment are snaller than those obtained in an oscil 
lating flow tunnel without current. It is also clear 
that the difficulties associated with the canparison of 
the laboratory and the ocean data can be traced to 
inherent limitations of the environmental data base am 
to significant differences between the flow situations 
characterized by the two. The environmental data 
help to establish the cause-effect relationships, they 
can only substantiate or contradict causal assunptions. 
on the measured forces and velocities. However 1 the CXldPARIOON OF THE ars AND SARPKAYA DATA 
explanation of this scatter does not necessarily lead 3-4 to an explanation of the limits of the observed scatter. In 1976 Sarpkaya reported the results of a can-
In other oords, it is not possible to explain a varia- prehensive series of experiments with a sinusoidally I 
tion in Cd fran 0.5 to 2.5 in the range of intenrediate oscillating flow about srooth and rough cylinders and 
K values without imposing arbitrarily large fluctua- daronstrated clearly the dependence of Cd and G,, on tre 
tions on the velocity and acceleration. Thus, it Reynolds number, Keulegan-Carpenter number, ancl"the 
appeared that there may exist a weak correlation be relative roughness. Those who were surprised by the 
the force coefficients and another as yet unexplored magnitude of the effect of roughness on the drag coef- ' 
parameter. It is because of this reason that the effec ficient of sand-roughened cylinders in ha.:rnonic flcm, 
of the current on the variations of Cd and C1n was sepa- on the basis of ideas carried over fran the steady flar 
rately investigated. results, inclined to attribute the large increase in 
For the data obtained on 4 March 1977, the canpo-
nent of the CUITent in the direction of wave propaga-
tion was calculated and the speed of this canponent 
was denoted by Ve. Then the effect of the parameter 
VR = VcT/D on the variations of Cd and q.,, was investi-
gated. For this purpose four ranges of a' values were 
selected: 12,000 < 8 < 16,000; 18,000 < 8 < 22,000; 
23,000 < 8 < 27,ooo; and 28,000 < 8 < 32,000. For 
each 8 range three ranges of VR were identified. The 
corresponding data points and the least-squares-fit 
curves drawn through them are shown in Figs. 9 through 
12 for representative values of $. 
In spite of the scatter resulting fran various 
sources enumerated earlier the dependence of Cd on VR 
is undeniable. For a given 8 and K, C<;i decreases 
with increasing VR. A similar conclusion has been 
reached by Sarpkaya20 regarding the effect of current 
on han!nnically oscillating flow on SJDOth and rough 
cylinders an~ by Verley and 1tie21 (see also Sarpkaya 
and Isaacson ) through the use of a cylinder oscilla-
ting in uniform flow. Furthemore, a canparison of 
Cd values for increasing values of 8, for a given K, 
shows that Cd decreases with increasing 8 and VR, as 
\roUld be expected. 
According to Figs. ll and 12, there is sane evi-
dence of the dependence of C1n on VR for a given 8 and 
K. However, this dependence is obscured partly by the 
extreme sensitivity of <1n to wake biassing and other 
disturbances and partly by the narrowness of the VR 
range. This does not obscure the fact that VR is an 
important parwreter in explaining the effect of wake 
biassing and in bringing sane order into the otherwise 
chaotic behavior of the drag coefficient seen in Fig. 1. 
It is apparent fran the foregoing that no single 
effect is the cause of the scatter in the Cd and C,.,, 
values deduced fran the ars data. Aside fran usua'f 
measurement errors in force and velocity and aside fran 
the fundamental problems associated with the efforts to 
describe the time-dependent force with a Morison-type 
equation, it is clear that the cart>ined contributions 
of the randan fluctuations superimposed on the force, 
velocity, and acceleration and the effect of current 
Cd to sane blockage effects. It will be shown in the 
following that the blockage effects played no role in 
the data obtained by Sarpkaya in 1976 and that the 
lack of cgnparison between them and those reported by 
Garrisonl6 is attributable only to the severe vibra-
tions of Garrison's small test cylinder, the reduced 
spanwise coherence resulting fran these vibrations, 
the inappropriate use of couple of end plates 1 the 
surface waves resulting fran the oscillations of his 
test cylinder, and the hand-filtering of his force 
traces (see also Sarpkaya and Collinsl7 for sanple f 
traces). 
Since 1976 Sarpkaya has repeated his experiments 
numerous times in a larger tunnel 15. The length of t 
U-shaped tunnel has been increased fran 30 ft to 35 ft 
and its height fran 16 ft to 22 ft . The cross-sectioo 
of the 35 ft long test section has been increased f 
3 ft by 3 ft to 3 ft by 4. 7 ft . Furthemore, the 
oscillation mechanisn has been canpletely m:xlified oo 
that m:mo-harm:mic oscillations can be generated and 
maintained indefinitely at the desired amplitude. '!be 
unfiltered data fran the force transducers was sinlll-
taneously recorded in analog form and also fed to an 
HP digitizer which digitized the analog signal at ti.ml 
intervals corresponding to 0. 5 degrees. The data \\l!re 
then analyzed cycle by cycle, averaging too consecutiw 
cycles, averaging three consecutive cycles, etc., up t 
50 cycles. 
Of the extremely voluminous data only the drag aJXI 
inertia coefficients obtained with a D = 6. 5 inch cyl-
inder with a relative roughness of k/D = 1/100 are 
shown in Figs. 13 and 14. A quick perusal of these 
figures shows that the data obtained in 1981 and 1982 
with the enlarged tunnel agree extremely well with 
those obtained in 1976. No clearer proof can be 
presented than these figures in eliminating the poosi-
bility of any blockage effects on the data reported 
previously by Sarpkaya3-4 for SJDOth as well as roogh 
cylinders. Evidently, even for large ant>litudes of 
oscillation, there is only a finite vortex street 
prised of vortices of nearly equal strength due tot 
nearly steady nature of the flow. As the floor reve 
the situation is not the same as that of a unifonn f 
(with or without free stream turbulence) approa.chinga 
roughened cylinder but rather that of a finite vortex 
























ore 4616 T. SARPKAYA & I. CAKAL 5 
flc:Aq cannot be regarded identical to steady flow with 
turbulence of fairly unifonn intensity and scale 
the data presented herein show. However, other 
ffects such as the vibration of the test cylinder 
(particularly with rough cylinders where the in-line 
force is much larger, leading to even IIDre severe vib-
tions) , free-surface effects, errors associated with 
correction of the body-induced inertia, rotation of 
wake and currents reduce the spanwise coherence 
yield smaller drag coefficients and larg_er inertia 
fficients, with considerable scatter 16-17. 
Figures 15 through 18 show the canparison of the 
data with those obtained by Sarpkaya with a D = 6.5 
inch cylinder with k/D = 1/100, (S = 6100). Clearly, 
ars data for Cd fall below those obtained under 
trolled laboratory conditions. The reasons for the 
· ferences between the two sets of data have already 
enunerated. In sumnary, the rotation of the wake 
· a horizontal plane about the cylinder, orbital IIDtion 
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Fig. 1-Drag coefficient vs. Keulegan-Carpenter Number (OTS 
data). 
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Fig. 5-Sensitivity of the drag coefficient to random square 
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Fig. 6-Sensitivity of the inertia coefficient to random square 
waves (sample plot). 
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Fig. 11-Relative current effects on the inertia coefficient for 
beta= 20,000. 
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Fig. 15-Cd vs. K (OTS and Sarpkaya data) for beta=20,000. 
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Fig. 16-Cd vs. K (OTS and Sarpkaya data) for beta=25,000. 
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Fig. 18-Cm vs. K (OTS and Sarpkaya data) for beta=25,000. 
